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Geo-referencing images of wide-angle optical systems
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A technique is described for referecing images of wide-angle optical systems intended for registration own

radiation of the Earth’s atmosphere, to geographic coordinates. The technique is based on an automatic procedure

for the stars emphasing and identification in the frames and subsequent georeferencing. An example of the technique

use for calculating the characteristics of a long-lived meteor trail based on observation data of two spatially separated

wide-angle optical systems is shown.
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Introduction

When observing the Earth’s upper atmosphere with

optical instruments, a geographic reference is necessary

to estimate the altitude and other spatial parameters of

the observed events. To do this, you need to know

the exact correspondence of the frame pixels of optical

systems to the Earth coordinates. This can be done by

linking to objects with known coordinates, such as stars.

Currently, applications have been developed to identify the

stars obtained with optical instruments used in astronomical

observations, e.g. Izmccd [1], Astrometry.net [2]. But

these applications do not work for wide-angle optical

systems. Wide-angle cameras, designed to record the spatial

distribution of the intensity of atmospheric emissions, are

a fairly convenient and accessible ground-based means of

recording various events occurring in the Earth’s upper

atmosphere. The task of selecting and identifying stars in

the frame is complicated by the fact that the above optical

systems record optical radiation in a narrow spectral range.

Since rather powerful atmospheric emissions are emitted in

the recorded bands, the ratio of the star intensity in this

spectral range to the background (to which the atmospheric

emission makes the main contribution), is significantly lower

than the same ratio in the data of optical systems with a

wide spectral recorded range.

In this case, the possibility of using two or more

instruments separated by some distance allows to determine

the spatial parameters of the observed events [3–5]. Optical
observations using spatially spaced instruments were carried

out as early as the early 20 th century to most accurately

determine the spatial characteristics of meteors, auroras

or silvery clouds [6–10]. The work [10] describes an

original method, based on the analysis of stereo images,

for obtaining the average height and measuring the main

parameters of acoustic-gravity waves in the mesosphere,

such as horizontal wavelength, time period and vertical

amplitude of waveforms. In addition, studies of luminous

formations resulting from the operation of heating stands

were performed using optical instruments. The artificial

airglow was recorded at two spaced points by all-sky

cameras at wavelengths of 630 and 557.7 nm. As a

result, images of luminous regions were obtained, which

made it possible to determine the spatial parameters of the

formations, their relationship with the parameters of the

powerful radio wave, to estimate the amount of additional

ionization caused by the heating stand [11,12] by the

stereoscopic method.

1. Description of methodology

In image processing, an important aspect is the exact

matching of pixel coordinates and image projections [13].
At the same time, there is significant image distortion in

the frames obtained using optical systems with
”
fisheye“

lenses. In addition to distortions due to optical aberrations,

decentralization — the difference in the position of the true

zenith and the center of the image — can also make an

error in determining coordinates. Quite a number of works

are devoted to this issue, which include camera calibration

using different models in order to get rid of the mentioned

distortions, e.g. [14–18].
The methodology proposed in this paper includes geo-

metric camera calibration with the selection of coefficients

that take into account the aberrations described above, as

well as finding geographic coordinates for each pixel of the

wide-angle camera image for any height.

Georeferencing was performed using reference points

identified as stars by the automatic algorithm. The first

step of the star extraction algorithm is the removal of noise
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Figure 1. Portions of the KEO Sentinel Optical System frame obtained on December 3, 2016 at 16:50 UT without processing (a),
contrasted (b) and a group of pixels identified by the algorithm as a star image (c).

pixels. To do this, the image is aligned by removing the

low-frequency trend — from the original frame, a frame

smoothed by the Gaussian filter [19] over twenty pixels is

taken. Then, single pixels with intensity values exceeding a

certain threshold calculated as follows are selected:

Inoise = ImeanKnoise.

The Knoise factor is chosen empirically for a particular optical

system. For KEO Sentinel Knoise is two. Neighboring pixels

exceeding the threshold value are combined into polygons.

A pixel is defined as a noise one if the number of pixels in

the polygon is maximum one. When a pixel is defined

as a noise pixel, it is assigned an average value of the

surrounding pixels.

The image is then contrasted using an adaptive histogram

equalization procedure with contrast limitation. After

that, we search for polygons of related pixels with values

exceeding the threshold Istar and the number of pixels in

the group more than Nmin and less than Nmax. The values

Nmin and Nmax are chosen empirically for a particular optical

system. Nmin allows you to limit the stellar magnitude of the

found pixel groups. For example, for the KEO Sentinel

optical system, Nmin = 5 allows you to select groups of

pixels with magnitudes brighter than three. Selecting Nmax

allows you to cut off large bright objects such as the moon,

moonlit clouds, glare on the dome, etc. For KEO Sentinel

Nmax = 100. Fig. 1 shows portions of the camera frame

with groups of pixels defined by the algorithm as the star

image (c), the same portions in the original frame (a) and

after the contrasting procedure (b).
For each object, the azimuth and elevation in the

horizontal coordinate system centered at the camera location

and the corresponding horizontal and vertical image pixel

numbers were compared.

Next, expressions were used to compare the coordinates

of a pixel in the image with the corresponding elevation

angle and azimuth:

φ(x , y) = tan−1

(

y − y0

x − x0

)

+ φ0, (1)

θ(x , y) = ar2 + br + c, (2)

r =
√

(x − x0)2 + (y + y0)2. (3)

Expression (1) defines the azimuth angle, taking into

account the arbitrary rotation of the camera by the angle

φ0, where x , y — pixel coordinates in the image, x0,

y0 — position of the true zenith in these coordinates.
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Figure 2. Example of the star identification algorithm. A part of the frame of the KEO Sentinel optical system, registered on April 12,

2018, is shown.The circles indicate the areas of the frame identified as stars, the squares — those matched with the star catalog.

Equation (2) defines the zenith angular distance of a pixel,

which is conveniently written using the distance between an

arbitrary pixel and the true zenith on the matrix (3). The

given dependence is quadratic with respect to distance (3)
with constant coefficients a, b and c . Similar dependencies

together with the exponential representation for wide-

angle cameras were used in [20,21]. Then in subsequent

works [22], it was shown that the quadratic dependence is

more accurate and contains the smallest errors. The relation

between coordinates (1)−(3) can also be represented in the

complex form

z = x + iy = θ(x , y) expiφ(x ,y), (4)

where the dependences θ(x , y) and ϕ(x , y) are defined

by expressions (1)−(3). Using the reference coordinates

of the stars in the horizontal system and their respective

positions on the camera matrix, the constant coefficients

in (1)−(3) can be found by the method of least squares

(MSS), using (4) as a model function. The minimiza-

tion problem of MNC using (4) was solved using the

Levenberg−Marquardt [23] algorithm. As an error function,

we used the difference modulus (5) for the elevation and

azimuth of the object from the PyEphem [24] catalog

and for the horizontal coordinates obtained from the pixel

coordinates corresponding to the center of the object in the

camera image

S =

M
∑

n=0

∣

∣θneiϕn − θ(xn, yn)e
iϕ(xnyn)

∣

∣ (5)

for the position angle and azimuth of the nth object from

the star catalog, and its corresponding coordinates in the

image.

Fig. 2 shows part of the frame of the KEO Sentinel

optical system on April 12, 2018. A total of 29 stars were

identified in the full frame, matching the stellar catalog, with

brightness ranging from −1.44 to 1.98.

Fig. 3 shows the trajectories of the stars identified in the

KEO Sentinel frame on December 3, 2016.
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Figure 3. Example of the trajectories of the stars identified in the

December 3, 2016 frame

The following parameter values of expressions (2)−(4)
were obtained for the KEO Sentinel optical system frames

for December 3, 2016: a = 0.00000089, b = −0.29,

c = 90.55, φ = 264.30, x0 = 256.77, y0 = 265.50. Fig. 4

shows the errors in the position angles and azimuths of

the stars identified in the frames of December 3, 2016.For

the other parameters, the standard deviations are also quite

small, indicating that the proposed algorithm is quite stable.

Next, you need to come to a common coordinate system

for the two cameras. It is most convenient to go to the

geographic coordinates of camera image projections on the

Earth surface for further camera operation and comparison

of the obtained data with the results of observations of

other instruments (optical and radio-physical). The position

of each pixel of the image using expressions (2)−(4) and

the obtained constant coefficients can be converted into

horizontal coordinates. For most geophysical tasks of

observing parameters of the upper atmosphere it is not

necessary to use a geoid as a model of the Earth. Then, by

the solution of the direct geodesic problem on the ball [25]
the geographic coordinates of the projection of the image

from some height on the Earth’s surface can be found.

The inputs are the latitude and longitude of the observation

point, the azimuth φ, the elevation angle θ and the estimated

altitude h, and the spherical distance σ from the camera

location to the projected point is calculated by the formula

σ = 180 − (90 + θ) − arcsin

(

RE sin(90 + θ)

RE + h

)

, (6)

where RE — the radius of the Earth.

The latitude of the projected point is determined by the

formula

ϕ2 = arcsin(sinϕ1 cos σ + cosϕ1 sin σ cosφ0), (7)

where ϕ1 — geographic latitude of the observation point,

φ0 — azimuth.

The formula for finding the longitude λ2 of a projected

point

λ2 = λ1 + arctg

(

sin σ
sinα1

cosϕ1

cos σ − sinϕ1 sin σ cosα1

)

,

(8)
where λ1 — the geographic longitude of the observation

point.

2. Result of the proposed methodology

The methodology presented in this paper was tested on

the example of a long-lived meteor trace (LLMT), which

was observed simultaneously by two wide-angle cameras,

spatially spaced at a distance of about 150 km. The first

camera — the KEO Sentinel all-sky camera — is located at

the Geophysical Observatory (GPO) of the ISTP SB RAS

SB RAS, near Tory village (51◦48′ N, 103◦04′ E, elevation
670m) and is designed to record the spatial pattern of

630 nm (180−300 km luminance height) emission intensity.

Viewing direction — zenith, field of view 145◦, exposure

time 30−60 s. The half-width of the interference filter

∼ 2 nm [26]. The second Allsky-340 wide-angle color

camera manufactured by SBIG is located at the Sayan Solar

Observatory of the ISTP SB RAS SB RAS, near the Mondy

village (51◦40′ N, 100◦59′ E, elevation 1992 m).

The meteor trace of duration ∼ 35−40min was recorded

after the meteoroid explosion on 11/18/2017 almost si-

multaneously, at 22.23.19 UT. The characteristics of this

meteor trace [27-29] have previously been investigated. The

spatial and kinematic characteristics of the meteor trace

were determined and the peculiarities of its evolution were

revealed in work [29]. Values of heights of ignition and

extinction of the meteor itself were in the range 75−120 km,

assessment of the brightness of the meteor gives the value of

the absolute stellar magnitude of about 7.3m. It is shown

that the propagation of all parts of the long-lived meteor

trace occurs in the same plane at an altitude of about 90 km

at a speed of about 320m/s.

The methodology presented in this paper was used to

build projections of images of the meteor explosion and

the propagating trace on the Earth’s surface from the

data of the two above-described cameras. Using two

cameras allows you to build a three-dimensional image of

the object. For this purpose, a set of projections in a

certain range of heights was created, and the projections

built using data from different cameras were compared.

If the geographic coordinates of a part of a meteor or

LLMT in a given set coincide at a certain altitude, it

means that this part of the object is concentrated at

that altitude. By the stereoscopic method of projection

analysis, it was determined that the meteor lights up at an

altitude of about 111 km and goes out at an altitude of

78 km, and the total track length is about 38 km (Fig. 5).
In this case, the error of heights determining is within

±1.2 km.

12∗ Technical Physics, 2022, Vol. 67, No. 15



2420 T.E. Syrenova, A.B. Beletsky, R.V. Vasilyev

Degrees
0–4 –2 2 4

7000

1000

2000

3000

4000

5000

6000

0

N
u
m

b
er

 o
f 

ev
en

ts

a

Degrees
0–4 –2 2 4 6

1000

2000

3000

4000

5000

0

N
u
m

b
er

 o
f 

ev
en

ts

b

Figure 4. Errors of location angles (a) and azimuths (b) of the stars identified in the December 3, 2016 images
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Figure 5. Projection of the meteor from KEO Sentinel and Allsky-340 cameras to the Earth’s surface from heights of 78, 92 and 111 km,

respectively. The map shows the observation point Mondy (Allsky-340), for which the observed event is near the zenith. The Tory

observation point (KEO Sentinel) is off the map.

A similar analysis of the projection of the meteor trace

showed that it was concentrated in the range ∼ 88−97 km

and propagated mainly in a southerly direction up to

∼ 95−106 km. The eastward propagation of the trace

occurred at an altitude of ∼ 88 km with an average velocity

of about 30m/s. In the southerly direction, the trace

propagated mainly at an altitude of about 94 km with an

average velocity of about 84m/s. In the westerly direction,

the average speed of the trace was about 52m/s. It

should be noted that the velocities obtained from the optical

Technical Physics, 2022, Vol. 67, No. 15
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observations by the method described above were close

to the ionization trace velocities obtained in [28] from the

ionosonde data.

Conclusion

The presented technique makes it possible to identify stars

quite accurately on the frames of the wide-angle system, to

obtain the spatial parameters of the registered events and

to build the projections on the Earth’s surface accordingly.

The errors in determining the identified stars do not exceed

0.8◦ . The use of two or more cameras separated by some

distance allows you to create a stereoscopic representation of

different events, allowing a more complete assessment of the

observed event. After processing the LLMT images with the

presented algorithm, the following spatial characteristics of

the trace were obtained: propagation heights — from 88 to

106 km (±1.2 km), propagation direction — predominantly

southerly. Track speeds in the main directions were also

calculated: southerly, westerly and easterly — ∼ 84, ∼ 52

and ∼ 30m/s, respectively. This technique is expected to be

used in the future to estimate the three-dimensional coordi-

nates of objects observed with wide-angle optical systems,

such as meteors, acoustic-gravity wave manifestations, etc.
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